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摘 要 
本文首先研究了海水体系中纳米 Al2O3 对 Fe 离子的吸附过程，通过单因素
和正交试验探讨了 Fe 初始浓度、海水 pH 和盐度等因素对吸附过程的影响。其
次，以普通小球藻和球等鞭金藻为受试对象，用藻体的叶绿素 a 含量、蛋白质含
量、超氧化物歧化酶（SOD）活性和丙二醛（MDA）含量为指标，研究了不同
浓度和粒径的纳米 Al2O3、与 Fe 共存的纳米 Al2O3 对海洋微藻的生长效应。主
要结论如下： 
（1）纳米 Al2O3 对铁离子吸附的平衡时间为 15 min，为准二级反应吸附，
平衡吸附量 qe 为 8.55 mg/g。同等条件下（25 °C、初始铁离子浓度为 0.100~0.400 
mg/L），30 nm 和 80 nm 的纳米 Al2O3 对铁离子的吸附量无明显差异（分别为
2.72~10.01 mg/g 和 2.57~9.55 mg/g）；15~35 °C 下，两种粒径的纳米 Al2O3 对铁离
子的吸附均符合 Temkin 模型，温度升高吸附量降低，以化学吸附为主；吸附过
程的自由能变△G <0，吸附自发进行。 
（2）浓度为 5~30 mg/L 的纳米 Al2O3 对铁离子的吸附量随浓度增大而降低
（由 14.78 mg/g 降到 6.16 mg/g），但吸附率提高（由 29.9%增到 74.9%）；正交试
验表明，纳米 Al2O3 浓度是影响其对铁离子吸附的主要因素。纳米 Al2O3 对铁离
子的吸附量在 pH 为 6.65~6.99 时提高 47.4%，为 7.95~8.64 时只提高 8.5%；在盐
度为 0.0~29.5 时，增加 19.5 倍，大于 19.8 时只增加 10.8%。 
（3）浓度为 10 和 50 mg/L 的纳米 Al2O3 暴露 5 d 对受试藻生长的影响均较
小；浓度为 100 mg/L~2.5 g/L 时均有明显促进作用（平均叶绿素 a 相对增长百分
比 Y  分别为 22.0~44.9%和 18.1~39.6%），2.5 g/L 对小球藻促进最明显，1.0 g/L
对球等鞭金藻促进作用最强；5.0 g/L 对小球藻仍有明显促进作用（ Y  为
27.2%），对球等鞭金藻则起抑制作用（ Y  为-4.7%）。粒径为 30 nm 和 80 nm
的纳米 Al2O3 对受试藻生长的影响差异不明显。 
（4）综合受试藻的 Y  和蛋白质相对增长百分比 X 蛋白质值，纳米 Al2O3 对受
试藻生长促进作用的浓度应为 50 mg/L~2.5 g/L。受试藻的 SOD 和 MDA 相对增
长百分比（XSOD和 XMDA）随纳米 Al2O3 浓度的增加（100 mg/L~5.0 g/L）分别增
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加 2.4~2.9 倍和 2.5~6.0 倍，表明受试藻能够启动自身的抗氧化防御机制，抵抗氧
化损伤，维持细胞生长。 
（5）10~100 mg/L 的纳米 Al2O3 对受试藻的生长有促进作用（Y 为
1.2~20.6%），铁离子的共存削弱了纳米 Al2O3 对小球藻生长的促进作用，在
0.1~1.0mg/L 范围内削弱程度减小（其叶绿素 a 相对增长百分比 Z 为
-6.7%~-2.2%），在 10~50 mg/L 范围削弱程度增大（Z 为-18.1%~-29.8%）；对球
等鞭金藻在 0.1 和 50 mg/L 时削弱了纳米 Al2O3 对其生长的促进作用（Z 为-3.0%
和-4.2%），在 1.0~30 mg/L 范围却加强了纳米 Al2O3 对其生长的促进作用（Z 为
2.8~10.9%）。此外，随纳米 Al2O3 浓度增大铁离子对受试藻生长促进作用的削
弱程度减小（Z 为-39.5%~-3.6%），表明铁离子的存在掩盖了纳米 Al2O3 对受试
藻生长的促进作用，纳米 Al2O3 又可以弱化铁离子所带来的影响。因为不同浓度
的铁离子对受试藻的生长有促进或抑制作用，浓度为 0.1~0.5 mg/L 对小球藻有促
进作用（ Y  为 1.6~2.4%），1.0~50 mg/L 为抑制作用（ Y  为-1.8~-30.4%），
浓度为 0.1~30 mg/L 对球等鞭金藻有促进作用（ Y  为 5.1%~12.7%），50 mg/L
有抑制作用（ Y  为-9.1%）。 
 
关键词：纳米 Al2O3；铁离子；吸附作用；微藻；生长效应 
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Abstract 
In this paper, we firstly studied the adsorption of iron ion by nano-Al2O3, 
analyzed the effects of Fe initial concentration, pH and salinity of seawater on the 
adsorption process by single element and orthogonal experiments. Secondly, we 
studied the growth effect of nano-Al2O3 at different concentrations and particle sizes, 
nano-Al2O3 and Fe coexistence on Chlorella Vulgaris and Isochrysis galbana, using 
algal chlorophyll-a content, protein content, superoxide dismutase (SOD) activity and 
malondialdehyde (MDA) content as the indexes. Results are as follows: 
(1) Adsorption equilibrium time of iron ion by nano-Al2O3 was 15 min. The 
adsorption process was the pseudo second-order reaction and the equilibrium 
adsorption capacity (qe) was 8.55 mg/g. At 25 °C and initial iron ion concentration of 
0.100~0.400 mg/L, adsorption capacity of iron ion by nano-Al2O3 of 30 nm and 80 
nm had little difference (2.72~10.01 mg/g and 2.57~9.55 mg/g). Adsorption capacity 
decreased with the temperature increasing at 15~35 °C. The adsorption isothermal 
curve of nano-Al2O3 at different particle sizes and different temperature was in 
compliance with the Temkin isotherm model, based on chemical adsorption. The free 
energy change (△G) of adsorption process was less than 0, so that the adsorption 
process was spontaneous. 
(2) As nano-Al2O3 concentration increased from 5 mg/L to 30 mg/L, the 
adsorption capacity decreased from 14.78 mg/g to 6.16 mg/g, absorption rate of Fe 
increased from 29.9% to 74.9%. The results of orthogonal test showed that 
nano-Al2O3 concentration is the main factor influencing the sorption of Fe. With pH 
of 6.65~6.99, adsorption capacity of Fe by nano-Al2O3 increased by 47.4%. 
Adsorption capacity only increased by 8.5% with increased pH of 7.95~8.64. The 
adsorption capacity increased 19.5 times as salinity ranging from 0.0 to 29.5. When 
salinity outnumbered 19.8, adsorption capacity only increased by 10.8%.  
(3) The effects of nano-Al2O3 in 10 and 50 mg/L on algal growth were small 
during the exposure of 5 days. With nano-Al2O3 concentration ranging from 100 
mg/L to 2.5 g/L, it had a significant role in promoting (the average of relative 
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chlorophyll-a increased percentage Y  was 22.0~44.9% and 18.1~39.6% 
respectively). For Chlorella Vulgaris, promoting effect was the strongest in 2.5 g/L. 
For Isochrysis galbana, promoting effect was the strongest in 1.0 g/L. In 5.0 g/L, 
there was still obvious role in promoting for Chlorella Vulgaris ( Y  was 27.2%), but 
producing inhibition for Isochrysis galbana ( Y  was -4.7%). The effects on algal 
growth by nano-Al2O3 of 30 nm and 80 nm had little difference. 
(4) Through comprehensive consideration of Y  and relative protein increased 
percentage Xprotein of test algae, the concentration of promoting algal growth by 
nano-Al2O3 was 50 mg/L~2.5 g/L. SOD and MDA relative increased percentage 
(XSOD and XMDA) respectively increased by 2.4~2.9 times and 2.9~6.0 times with the 
increase of the concentration of nano-Al2O3 (100 mg/L~5.0 g/L), so it meaned that 
microalgae can activate their antioxidant defense mechanism, maintaining the algal 
growth.  
(5) Nano-Al2O3 ranging from 10 mg/L to 100 mg/L can promote the growth of 
test algae, but coexistence with iron ion, the promoting effect of nano-Al2O3 on the 
growth of Chlorella Vulgaris weakened and the weakening degree decreased at 
0.1~1.0 mg/L (the relative chlorophyll-a increased percentage Z was -6.7~-2.2%), 
increased at 10~50 mg/L (Z was -18.1~-29.8%). For Isochrysis galbana, the 
promoting effect of nano-Al2O3 on algal growth weakened at 0.1 and 50 mg/L (Z were 
-3.0% and -4.2%), strengthened at 1.0~30 mg/L (Z was 2.8~10.9%). In addition, the 
degree of weakening promoting effect on algal growth by iron ion reduced with the 
increase of concentration of nano-Al2O3. It showed that the existence of iron ion 
masked the promoting effect of nano-Al2O3 on algal growth, but nano-Al2O3 can 
weaken the effect of iron ion. Because different concentration of iron ion can promote 
or inhibit the growth of test algae, promoting effect was in 0.1~0.5 mg/L ( Y  was 
1.6~2.4%) and inhibiting effect was in 1.0~50 mg/L ( Y  was -1.8~-30.4%) for 
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Abstract 
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Chlorella Vulgaris; for Isochrysis galbana, the promoting effect was in 0.1~30 mg/L 
( Y  was 5.1~12.7%) and inhibiting effect was in 50 mg/L ( Y  was -9.1%).  
 
Key words: Nano-Al2O3; Iron ion; Adsorption; Microalgae; Growth effect 
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缩略语 
SEM：Scanning electron microscope  扫描电子显微镜 
PET：Polyethylene terephthalate  聚对苯二甲酸乙二醇酯 
G-250：Coomassie brilliant blue  考马斯亮蓝 
MDA：Malondialdehyde   丙二醛 
TCA：Trichloroacetic acid  三氯乙酸 
PB：Phosphate Buffer  磷酸缓冲液 
TBA：4,6-Dihydroxy-2-mercaptopyrimidine  2-硫代巴比妥酸 
SOD：Superoxide dismutase  超氧化物歧化酶 
Met：DL-Methionine  甲硫氨酸 
NBT：Nitro-blue tetrazolium  氮蓝四唑 
ROS：Reactive oxygen species  活性氧自由基 
OS：Oxidative stress  氧化应激 
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第 1 章 绪论 
1 
第 1章 绪论 
1.1 纳米 Al2O3 
1.1.1 纳米 Al2O3简介 
纳米Al2O3是一种新型高功能的精细无机材料，自20世纪80年代中期Gleiter
等制得纳米级氧化铝粉末以来，人们对这一高新材料的认识不断加深。国外关于
纳米氧化铝的研究工作开展得较早，我国从 20 世纪 90 年代才开始，随着我国经
济发展，目前对纳米级高纯氧化铝的需求已在快速增长。 
Al2O3，通常称为“铝氧”，是一种白色无定形粉状物，无臭、无味、质极硬，
易吸潮而不潮解（灼烧过后不吸湿），属于两性氧化物，通常能溶于无机酸和碱
性溶液中，几乎不溶于水和非极性有机溶剂（厉月含，2014）。Al2O3的形态非常
多样，已经发现了多达十几种 Al2O3 的同质异构相（尹衍升等，2001）。在众多
同质异构相中，β、γ 和 χ 型 Al2O3 具有多孔性、高分散、高活性等特点，属活性
Al2O3；而 α、θ、κ、δ 型 Al2O3，因其比表面低，具有耐高温的惰性，几乎没有
催化活性，不属于活性 Al2O3。使用过程中，常见的纳米 Al2O3 主要有 α-Al2O3、
γ-Al2O3 和 β-Al2O3 三种。 
纳米材料由于尺寸小，结构特殊，具有许多优良且奇异的物理化学特性，包
括良好的表面效应、体积效应、量子尺寸效应和力学性能效应等（朱小山，2007）。
纳米Al2O3是一种比较典型的金属氧化物的纳米材料，不仅具有纳米材料的通性，
同时具有高强度、高硬度、耐热、耐腐蚀等一系列优异特性，故在光、电、热力
学和化学反应等许多方面表现出优异的性能（Zhang et al.,2010）。 
1.1.2 纳米 Al2O3制备方法 
按照制备工艺过程不同，纳米 Al2O3 的制备方法总体上可以分为三大类，即
固相法、液相法和气相法。目前最常用的合成纳米氧化铝颗粒的方法是液相法，
又称为湿化学法，主要有沉淀法、溶胶凝胶法、水热合成法和电化学法等（蒋清
民等，2014）。制备方法众多，优缺点各不相同。 
江苏大学陈彩凤等（2010）用活性炭微反应器法成功地制备出分布均匀的纳
米氧化铝颗粒，克服了制备过程中存在的团聚等现象。刘茜茜（2016）用电化学
法成功制备出平均粒径为 20~60 nm 的纳米 Al2O3。申小清等（2003）利用碳酸
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